Fiber waviness in laminated composite material is introduced during manufacture because of uneven curing, resin shrinkage, or ply buckling caused by bending the composite lay-up into its final shape prior to curing. The resulting waviness has a detrimental effect on mechanical properties, therefore this condition is important to detect and characterize. Ultrasonic characterization methods are difficult to interpret because elastic wave propagation is highly dependent on ply orientation and material stresses. By comparison, the pulsed terahertz response of the composite is shown to provide clear indications of the fiber waviness. Pulsed Terahertz NDE is an electromagnetic inspection method that operates in the frequency range between 300 GHz and 3 THz. Its propagation is influenced by refractive index variations and interfaces. This work applies pulsed Terahertz NDE to the inspection of a thick composite beam with fiber waviness. The sample is a laminated glass composite material approximately 15mm thick with a 90-degree bend. Terahertz response from the planar section, away from the bend, is indicative of a homogeneous material with no major reflections from internal plies, while the multiple reflections at the bend area correspond to the fiber waviness. Results of these measurements are presented for the planar and bend areas.
INTRODUCTION
Out-of-plane fiber waviness in laminated composite material is characterized by undulations in a layer or group of layers within a multilayer laminate. These laminate undulations are a consequence of uneven curing, resin shrinkage, or ply buckling caused by bending the composite lay-up into its final shape prior to curing. This waviness causes degradation of strength and fatigue life in structural applications, particularly under compressive loads [1] [2] [3] , therefore this condition is important to detect and characterize. Ultrasonic nondestructive methods have been utilized to measure fiber waviness. These measurements use piezoelectric transducers in contact with the sample to generate and detect ultrasonic waves [4] [5] [6] . When an ultrasonic wave is incident at an interface it is partially transmitted and reflected and its energy is distributed into longitudinal and transverse or shear waves modes. This process repeats at other lamina interfaces which at various angles relative to the propagation direction result in multiple wave modes and paths making analysis of ultrasonic transducer signals difficult. By comparison, electromagnetic waves transmit and reflect at interfaces like the ultrasonic waves, but electromagnetic wave energy is not split thus making interpretation simpler. One method of inspecting a material with electromagnetic waves is pulsed Terahertz (THz) nondestructive evaluation (NDE) which can be considered the electromagnetic analogy to pulse ultrasonic methods. 
Receiver
Beam Splitter dimensions, and acquired and stored the temporal waveforms at incremental scan points. The system consists of an 800 nm femtosecond laser source with a pulse rate of 75 MHz, a THz control unit with a mechanical scanning optical delay line, a transceiver head with transmitter/receiver antenna, lens for focusing the THz beam, and a computer. Fiber optics connect the laser source to the transceiver and fully contain the laser light, which allows for a freely movable transmitter and receiver. The transceiver for this system, shown in figure 1 , is a transmitter and receiver in a confocal arrangement. This confocal arrangement uses a 15 cm diameter, 285 mm focal length lens to concentrate the THz energy on the sample to a spot diameter of approximately 3 mm. The digitized time-domain signal is composed of 2048 points and has a duration of 320 ps, which corresponds to a propagation path length in air of 96 mm.
This paper presents a preliminary study of the capability of pulsed THz NDE for inspecting a thick composite beam with fiber waviness. The sample is a laminated glass composite material with a 90-degree bend. In this application, sample characteristics are determined in the THz frequency band and the sample is scanned and analyzed in a manner similar to ultrasonic imaging. THz response of the planar section away from the bend and at the bend area (with the fiber waviness) will be shown.
COMPOSITE SAMPLE RESPONSE TO THz
A picture of the composite sample is shown in figure 2a , it is made of S2-glass / polyphenylene sulfide thermoplastic tape and has a 92-ply lay-up of [(0/+45/90/-45) 11 /(+45/-45)] S and was originally manufactured for a curved beam strength study. The sample is approximately 15 mm thick with a 90-degree bend. The apex area is approximately 25 mm thick with wavy sub-lamina layers. The top radius is about 3.18 cm and the bottom radius is about 4.45 cm. This sample along with a cube cut from the left leg of the sample, that doesn't exhibit fiber-waviness, were examined. The fiber waviness in the apex region, shown in figure 2b, has two main undulations that are almost symmetric about the apex with minor undulations on either side, thus there are four peaks and three valleys in the waviness section.
THz signals through different faces of the cube were obtained by positioning the sample under the THz transceiver. The cube was raised above the optical table to eliminate echo interference between the sample back and optical table surfaces. Figure 3 shows a picture of the cube along with its axis orientation. The sample x-and y-axes were defined to be in the plane of the lamina while the z-axis was perpendicular to the lamina. After inspecting the cube, the curved beam was examined in different orientations. The sample was positioned to inspect the left leg. In this position the direction of the THz beam propagation was parallel to the z-axis through the sample left leg. In a similar orientation the right leg was examined. To inspect the apex, the sample was positioned upright such that the THz propagation path was parallel to the z-axis through the apex. The last orientation was with the curved beam lying flat on the table surface; in this position the THz beam propagation path was parallel to the sample x-axis.
For all the measurements, the THz transceiver height was adjusted to focus it at the sample top surface, the first incident surface. In some sample orientations, echoes from the sample top and back surfaces could not be seen on the same THz signal because of sample thickness. In these cases, two signals were recorded; one showing the front wall echo and one showing the back wall echo. These two signals were then combined into one composite signal that showed echoes from both the sample top and back surfaces. This was also done for imaging scans; one scan was conducted before and one after increasing the system time delay and then the two scans were combined into one composite scan.
RESULTS
THz signals through the cube are shown in figure 4 . These signals show echoes from the sample top, back, and optical table surface (on which the scanner is mounted). To characterize the cube, THz signals and cube thickness measurements along each axis were used to calculate wave velocity, attenuation, and refractive index. The results, summarized in Table  I, Scans of the curved sample, left and right leg, did not expose any internal defects. A picture of the sample orientation during inspection of the left leg and resulting C-and B-scan images are shown in figure 5 . The C-scan in figure 5b is uniform in appearance and the B-scan in figure 5c exhibits some variation due, in part, to the sample layers and antenna noise.
THz images of the apex region shown in figure 6 are not uniform. The C-scan image in figure 6a shows four distinct areas of greater intensity which corresponds to the number of fiber waviness peaks. The B-scan image in figure 6b shows the apex echo and back surface echo. The back surface echo arrival time varies in a step-like manner and could be due to thickness variation or electromagnetic property variation. However, attributing the cause to thickness variation was ruled out because curvature and thickness vary gradually and not in a stepped fashion. Thus, the cause pointed to electromagnetic property changes in the apex region.
To inspect for the electromagnetic property variation in the apex region, the sample was laid flat on the table and scanned. The resulting THz C-scan amplitude image in figure 7 shows variations throughout the apex while the left and right legs are uniform. The lighter shades of gray correspond to greater back wall signal amplitude and the darker shades are less amplitude. Visual comparison of the THz image to the sample, suggests that the areas of greater back wall signal amplitude correspond to regions were the glass layers are further apart or where the fiber/matrix ratio is lower. Thus the glass fiber material reduces THz signal amplitude and areas with more matrix material are areas with greater THz signal amplitude. Matrix material samples or samples with various fiber/matrix ratios were not available to verify this observation. Refractive index of the left leg was found to be 2.06 while refractive index in a bright spot in the apex was 2.04 which is approximately a 2% difference. 
FINITE DIFFERENCE MODEL
A finite difference time domain method was applied to simulate electromagnetic wave propagation [20] through the sample and highlight the influence of the sample's non-uniform electromagnetic properties. In this two-dimensional model Mur's absorbing boundary conditions [21] were used to prevent reflection from the domain edges, and the C-scan image in figure 7 was used as a refractive index map of the sample. The refractive index was considered to be realvalued with an absorption coefficient of zero and it was assumed the sample was non-magnetic and non-conductive. Thus the real refractive index was the only electromagnetic property of the sample considered. Excitation was a line source along the top edge of the domain with a half-cosine temporal profile and was easily implemented as opposed to the focused wave front of the THz transceiver. Excitation frequency was 0.5 THz and corresponds to a wavelength λ = 0.6 mm in free space. To reduce model complexity, the refractive index map of 256 gray levels was divided into five levels. The background was assigned a refractive index of 1.0 and four gray levels in the sample were assigned index values of 1.7, 1.8, 1.9, and 2.0. This corresponds to ~20% difference in refractive index. To conserve computer memory and shorten computations duration the domain of the problem was reduced by considering only the apex area in the image and its overall dimensions were scaled down.
An example of a plane wave propagating forward through the uniform and non-uniform model is shown in figure 8 . Figure 8a shows the uniform sample with a uniform wave front and figure 8b shows the non-uniform sample and nonuniform wave front resulting from material refractive index variations. As the wave continues to propagate it is reflected and transmitted at the sample back surface. Images of the wave after reflection from the back surface are shown in figures 9 and 10. Figure 9a shows the wave front near the top of the sample, figure 9b shows the wave starting to emerge from the sample, and figure 9c shows the wave completely emerged from the sample. In all cases the shape of the wavefront is smooth and uniform. Results for the non-uniform sample are shown in figure 10 . Figure 10a shows the wave heading toward the sample top surface, figure 10b shows the wave starting to emerge, and figure 10c shows the wave completely emerged. In all cases the shape of the wave-front is no longer smooth and uniform. Wave front amplitude in the non-uniform sample is reduced due to multiple reflections within the material. 
SUMMARY
Electromagnetic properties of a curved composite sample with fiber waviness were measured in the THz regime and were found to be nearly identical in the plane of the plies and perpendicular to the plies. This showed that the sample was homogeneous with respect to electromagnetic wave propagation in the given THz frequency range. However, additional scans in the apex region illustrated that the sample was not homogeneous and that this non-homogeneity was a function of fiber/matrix ratio. A 2% difference was measured between the uniform leg areas and bright spots in the apex.
To illustrate the effect of this non-homogeneity a finite difference wave propagation model was constructed with uniform and non-uniform refractive index cross-sections. A 20% difference in refractive index was used in the nonuniform model because smaller differences did not illustrate the effect due in part to model scaling and sensitivity.
Results showed how the wave front in the uniform model was smooth while in the non-uniform model the wave front was not smooth and resulted from the non-uniform refractive index cross-section. The overall shape of the wave front in the model did not compare directly to the temporal location of the back surface echo in the B-scan image due in part to source excitation differences, a focused wave front in the measurement versus a line source in the model. However irregularities in both echo and wave front suggest refractive index relates to fiber/matrix ratio, fiber waviness, and shows that the one-sided THz NDE measurement can detect fiber waviness via fiber matrix ratio effects.
